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LV VWXGLHG E\ PHDQV RI LQGHQWDWLRQ WHVWLQJ WHFKQLTXHV XQGHU PRQRWRQLF DQG F\FOLF
FRQGLWLRQ([SHULPHQWDOZRUNLQFOXGHVDVVHVVPHQWRIFULWLFDODSSOLHGORDGVIRUHPHUJHQFH
RI FLUFXODU FUDFNV DW WKH FRDWLQJ VXUIDFH DV ZHOO DV HYDOXDWLRQ RI ERWK VXUIDFH DQG
VXEVXUIDFHGDPDJHHYROXWLRQ5HVXOWVLQGLFDWHWKDWERWKFRDWHGV\VWHPVDUHVXVFHSWLEOHWR
PHFKDQLFDO GHJUDGDWLRQ DVVRFLDWHGZLWK UHSHWLWLYH FRQWDFW ORDG )XUWKHUPRUH VLJQLILFDQW
GLIIHUHQFHV RQ FRQWDFW IDWLJXH EHKDYLRU EHWZHHQ WKH WZR VWXGLHG FRDWHG V\VWHPV DUH
HYLGHQFHG XQGHU FRQVLGHUDWLRQ RI FUDFNLQJ HYROXWLRQ DW WRS VXUIDFH DQG SHQHWUDWLRQ
WRZDUGV WKH VXEVWUDWH ,Q WKLV UHJDUG WKH LQWULQVLFPHFKDQLFDO SURSHUWLHVRI WKH VXEVWUDWH
DUHSRLQWHGRXWDVNH\IHDWXUHIRUUDWLRQDOL]LQJWKHH[SHULPHQWDOILQGLQJV
1. Introduction
6XUIDFH FRDWLQJV DUHZLGHO\ DSSOLHG WR LPSURYH WKH OLIHWLPH DQG SHUIRUPDQFH RI D ODUJH YDULHW\ RI WRRO
PDWHULDOVEHFDXVHRIWKHLUDWWUDFWLYHSURSHUWLHVVXFKDVKLJKKDUGQHVVJRRGZHDUDQGFKHPLFDOVWDELOLW\
5HFHQWO\ D QHZ WHUQDU\ QLWULGH $O&U1 REWDLQHG E\ SK\VLFDO YDSRU GHSRVLWLRQ 39' WHFKQLTXHV ZLWK
KLJKHU SHUFHQWDJH RI DOXPLQXP KDV EHFRPH WKH VXEMHFW RI HYHULQFUHDVLQJ LQWHUHVW GXH WR LWV H[FHOOHQW
WULERPHFKDQLFDOSURSHUWLHVSDUWLFXODUO\XQGHUKLJKWHPSHUDWXUH>@
&RQVLGHULQJWKHFRPSOH[VHUYLFHFRQGLWLRQVWRZKLFKFRDWHGWRROV\VWHPVDUHVXEMHFWHGDEUDVLYHDQG
DGKHVLYH ZHDU LPSDFW UHSHWLWLYH PHFKDQLFDO FRQWDFW HWF FRQWLQXRXV UHVHDUFK KDV EHHQ FRQGXFWHG LQ
RUGHUWRLQYHVWLJDWHWKHPHFKDQLFDOUHVSRQVHRIWKHVHFRDWHGV\VWHPVDQGRSWLPL]HWKHGHVLJQSURFHVV,Q
JHQHUDO H[WHQVLYH OLWHUDWXUH H[LVWVRQ WULERPHFKDQLFDO UHVSRQVHSULPDULO\ FRQFHQWUDWHGRQHYDOXDWLRQRI
KDUGQHVVVFUDWFKUHVLVWDQFH IULFWLRQFRHIILFLHQWDQGZHDUEHKDYLRUDVDIXQFWLRQRIHLWKHU ILOPQDWXUHRU
DUFKLWHFWXUHVLQJOHYHUVXVPXOWLOD\HU>±@+RZHYHUH[SHULPHQWDOGDWDRQWKHPHFKDQLFDOSHUIRUPDQFHRI
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FDUELGHVDQG WRRO VWHHOV >@:LWKLQ WKLV IUDPHZRUN LW LV WKHDLPRI WKLV VWXG\ WRDVVHVV WKHFRQWDFW
PHFKDQLFDO UHVSRQVH DQG WKH FRUUHVSRQGLQJ GDPDJH PHFKDQLVPV XQGHU ERWK PRQRWRQLF DQG F\FOLF
ORDGLQJFRQGLWLRQVRIDQ$O&U1ILOPGHSRVLWHGRQWRWZRGLIIHUHQWKDUGVXEVWUDWHVFHPHQWHGFDUELGHVDQG
WRRO VWHHOV ,Q GRLQJ VR H[SHULPHQWDO SURWRFROV EDVHG RQ VSKHULFDO LQGHQWDWLRQ WHVWLQJ WHFKQLTXHV DUH
FRQGXFWHG
2. Experimental procedure
7ZR GLIIHUHQW VXEVWUDWHVZHUH XVHG LQ WKLV VWXG\ D FRPPHUFLDO ILQHJUDLQHG:&ZW&R FHPHQWHG
FDUELGH JUDGH DQG D SRZGHU PHWDOOXUJ\ SURFHVVHG WRRO VWHHO GHYHORSHG E\ 8''(+2/0 DQG
FRPPHUFLDOL]HGDV9$1$',6(ODVWLFPRGXOXVDQGKDUGQHVVIRUERWKEDVHPDWHULDOVZHUHDSSUR[LPDWHO\
*3DDQG*3DIRUFHPHQWHGFDUELGH>@DQG*3DDQG*3DIRUWKHWRROVWHHOUHVSHFWLYHO\






SHQHWUDWLRQGHSWKFXUYH VKRZHGDSODWHDXDURXQG*3DDQG*3D UHVSHFWLYHO\ DVVRFLDWHGZLWK WKH
LQWULQVLF KDUGQHVV RI WKH FRDWLQJ $GKHVLRQ UHVLVWDQFH ZDV GHWHUPLQHG E\ PHDQV RI VFUDWFK WHVWLQJ
5HYHWHVW&60,QVWUXPHQWVRQWKHEDVLVRIWKHFULWLFDOQRUPDOORDGUHODWHGWRLQLWLDOFRDWLQJGHWDFKPHQW
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VXUIDFHRI WKH FRDWHG V\VWHPV LH FLUFXPIHUHQWLDO FUDFNV FRKHVLYH IDLOXUHVHWF XQGHUPRQRWRQLF DQG
F\FOLFORDGLQJ,QGRLQJVRWKHILUVWVWDJHRQWKHH[SHULPHQWDOSURWRFROIROORZHGZDVWKHGHWHUPLQDWLRQRI
WKHFULWLFDOORDGIRUFLUFXODUFUDFNHPHUJHQFHDWWKHFRDWLQJVXUIDFHXQGHUPRQRWRQLFORDGLQJ3F2QFHLW





3. Results and discussion
3.1 Monotonic spherical indentation
$VDSSOLHG ORDG LQFUHDVHV LUUHYHUVLEOHGHIRUPDWLRQRI WKHFRDWHGV\VWHP WKURXJK UHVLGXDO VXUIDFH WUDFHV
ZDV GLVFHUQHG $W UHODWLYHO\ KLJK ORDG OHYHOV ILUVW VLJQV RI GDPDJH ZHUH REVHUYHG DW WKH HGJH RI WKH
FRUUHVSRQGLQJ UHVLGXDO LPSULQWV LQ WHUPV RI FLUFXPIHUHQWLDO FUDFNV ILJXUH  7KH FULWLFDO ORDG IRU
GLVFHUQLQJILOPUXSWXUHZDVDERXWKLJKHU1DVFRPSDUHGWR1IRUWKH:&&RVXEVWUDWH
ZLWK UHVSHFW WR WKH WRRO VWHHORQH)URPDVLPSOHRSWLFDOREVHUYDWLRQRI WKH LQGHQWDWLRQ LPSULQWV LWZDV
FOHDU WKDW SODVWLF \LHOGLQJ RI WKH FRDWHG VHWV ZDV UHTXLUHG IRU WKH VXEVHTXHQW FUDFNLQJ LQ WKH ILOP LQ
DJUHHPHQWZLWKSUHYLRXVVWXGLHVE\RWKHUDXWKRUVHJ5HI>@7KHDERYHPRQRWRQLFFULWLFDOORDGVZHUH




Figure 2. &LUFXPIHUHQWLDO FUDFNV LQGLFDWHG E\ ZKLWH DUURZV GLVFHUQHG XQGHU
PRQRWRQLFORDGLQJDWWKHVXUIDFHRIWKH$O&U1GHSRVLWHGRQWRD:&&RDQGEWRRO
VWHHOV/LQHVRQOHIWILJXUHEDUHLQKHULWHGIURPWKHFRDWLQJ¶VRULJLQDOVXUIDFH
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3.2 Cyclic Spherical indentation
&\FOLF LQGHQWDWLRQ WHVWV ZHUH FRQGXFWHG DWWHPSWLQJ WR HYDOXDWH WKH GDPDJH HYROXWLRQ RQ WKH VWXGLHG





)RU WKH:&&R$O&U1V\VWHP LW FDQEHVHHQ WKDWXQGHUF\FOLFFRQGLWLRQVDW1D ORDG ORZHU
WKDQWKHFRUUHVSRQGLQJFULWLFDOPRQRWRQLFORDGFLUFXODUFUDFNVDQGVPDOOFRKHVLYHIDLOXUHVZHUHREVHUYHG
$IWHUDSSO\LQJ1XQGHUIDWLJXHFRQGLWLRQGDPDJHEHFRPHVPRUHVHYHUH)RUWKH7RRO6WHHO$O&U1
V\VWHP FRKHVLYH IDLOXUH DQG FLUFXODU FUDFNVZHUH YLVLEOH DW 1 WKH VDPH YDOXH DV WKHPRQRWRQLF
FULWLFDO RQH RI WKLV V\VWHP 0RUHRYHU DFFXPXODWHG GDPDJH HIIHFW ZDV DOVR GLVFHUQHG DV ORDG ZDV
LQFUHDVHGIURP1WR17KXVWKHUHVXOWFRQILUPHGWKDWWKHVHWZRV\VWHPVDUHIDWLJXHVHQVLWLYH






:&&R$O&U1 IRU DSSOLHG 3PD[ RI D  1 DQG E  1 DV ZHOO DV 7RRO
6WHHO$O&U1IRUDSSOLHG3PD[RIF1DQGG1&LUFXODUFUDFNVDQGFRKHVLYH
IDLOXUHVDUHLQGLFDWHGE\ZKLWHDUURZVDQGGRWWHGFLUFOHVUHVSHFWLYHO\
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SURPSWHG WR GURS RXW IURP WKH VXUIDFH XQGHU WULERPHFKDQLFDO VHUYLFH FRQGLWLRQV )ROORZLQJ WKH DERYH
LGHDVFRKHVLYHIDLOXUHPD\EHH[SODLQHGRQWKHEDVLVRISURJUHVVLYHGHJUDGDWLRQXQGHUF\FOLFORDGLQJRI
WKHIODZHGLQWHUIDFHVEHWZHHQWKHGURSOHWVDQGEXONFRDWLQJV>@
$V LQGLFDWHG EHIRUH WKH DERYH H[SHULPHQWDO IDFWV GHILQLWHO\ UHYHDOHG WKH H[LVWHQFH RI UHDO IDWLJXH
VHQVLWLYLW\IRUERWKFRDWHGV\VWHPV+RZHYHULWVKRXOGEHKLJKOLJKWHGKHUHWKDWWKHWZRV\VWHPVVKRZHG
GLIIHUHQW GDPDJH PRGHV XQGHU WKH VDPH FRQGLWLRQ )RU LQVWDQFH DW  1 GXULQJ  F\FOHV 7RRO
6WHHO$O&U1 V\VWHP SUHVHQWHG PRUH VXFFHVVLYH PXOWLFUDFNV WKDQ WKH:&&R$O&U1 V\VWHP 6LPLODU
WUHQGZDVHYHQLQWHQVLILHGDW1
&RQVLGHULQJ WKDW IRU ERWK V\VWHPV FRDWLQJ LQWULQVLF SURSHUWLHV KDUGQHVV WRXJKQHVV DQG UHVLGXDO
VWUHVVHVZHUHWKHVDPHUHODWLYHPHFKDQLFDOUHVSRQVHDVDIXQFWLRQRIWKHVXEVWUDWHVKRXOGEHH[SHFWHGRQ
WKHEDVLVRIWKHGLIIHUHQWFRQWDFWVWUHQJWKXQGHUERWKPRQRWRQLFDQGF\FOLFORDGLQJLQWHUPVRIWKHGDPDJH
VFHQDULR ,Q VRPH VWXGLHV E\ RWKHU DXWKRUV >@ LW ZDV SRVWXODWHG WKDW IRU KDUG FRDWLQJ H[KLELWLQJ





3.3 Subsurface indentation damage
6SKHULFDOLQGHQWDWLRQWHVWVDUHHVSHFLDOO\DWWUDFWLYHEHFDXVHGLIIHUHQWIURPPRUHFRQYHQWLRQDOWHFKQLTXHV
LQYROYLQJ VKDUSOLNH LQGHQWHUV WKH\ DOORZ WRPRQLWRU GDPDJH HYROXWLRQZLWKLQ DQ RWKHUZLVH XQFUDFNHG
PLFURVWUXFWXUHDVDIXQFWLRQRILQFUHDVLQJHLWKHUDSSOLHGORDGPRQRWRQLFWHVWVRUQXPEHURIF\FOHVF\FOLF
WHVWV7KLVLVSDUWLFXODUO\LQWHUHVWLQJLQWKHFDVHRIFRDWHGV\VWHPVGXHWRWKHIDFWWKDWKHUHLWLVLPSRUWDQW




,Q ILJXUH  LW FDQ EH VHHQ WKDW IRU WKH:&&R$O&U1 V\VWHP GDPDJHZLWKLQ WKH FRDWLQJ VWDUWV E\
FLUFXODU FUDFN QXFOHDWLRQ DW WKH SHULSKHU\ RI WKH FRQWDFW DQG DW WKH FRDWLQJ VXUIDFH DQG VXEVHTXHQWO\
DGYDQFHV WKURXJK WKH WKLQ ILOP XS WR WKH LQWHUIDFH ILQDOO\ OHDGLQJ WR VXEVWUDWH FUDFNLQJ HLWKHU WKURXJK
FDUELGHVRUDORQJ WKHPHWDOOLFELQGHU VXUURXQGLQJ WKH FHUDPLFSDUWLFOHV7KLV UHVXOWZDVFRQVLVWHQWZLWK
SUHYLRXVILQGLQJVRIWKLVUHVHDUFKJURXS>@RQGHJUDGDWLRQRI7L1FRDWHGFHPHQWHGFDUELGHVXQGHUF\FOLF
ORDGV$EGXO%DTLDQG9DQGHU*LHVVHQ>@VWXGLHGWKHFUDFNLQJRIKDUGFRDWLQJGXULQJLQGHQWDWLRQXVLQJ
WKH ILQLWH HOHPHQW PHWKRG 7KH\ VXSSRUW WKH LGHD WKDW SULPDU\ SRWHQWLDO ORFDWLRQV IRU WKH LQLWLDWLRQ RI
FRDWLQJFUDFNVDUHWKHFRDWLQJVXUIDFHFORVHWRWKHFRQWDFWHGJHDQGWKHFRDWLQJVLGHRIWKHLQWHUIDFHLQWKH





IURP WKH VWDQGSRLQW RI VXEVWUDWH GHVLJQ WKH SULQFLSDO UHTXLUHPHQW LV WRPD[LPL]H KDUGQHVV LQ RUGHU WR
SUHYHQW FUDFNQXFOHDWLRQ%XWRQ WKHRWKHUKDQGRQFH FUDFNVGR LQLWLDWH VRIWHU DQGJHQHUDOO\ WRXJKHU
VXEVWUDWHV DUH EHWWHU VXLWHG WR DUUHVW RU LQKLELW DQ\ SHQHWUDQW FUDFNVZLWKLQ WKH VXEOD\HU WKURXJK SODVWLF
GHIRUPDWLRQVRWKDWGHVLJQRQFHPRUHGHSHQGVRQZKHWKHUFUDFNSUHYHQWLRQRUFUDFNFRQWDLQPHQWLVWKH
PRUHSUHVVLQJJRDO
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+HUH LW VKRXOG EH QRWHG WKDW  WKH DEVHQFH RI DQ\ LQWHUPHGLDWH LQWHUIDFLDO GHODPLQDWLRQ VWDJH DW
VXEVWUDWHFRDWLQJOHYHOIRUERWKV\VWHPVDQGWKHUROHRIFRDWLQJFLUFXODUILVVXUHVDVSUHFXUVRUVRIFUDFN
QXFOHDWLRQ LQ WKH XQGHUO\LQJ EULWWOH KDUGPHWDO%RWK H[SHULPHQWDO IDFWV DUH TXLWH VLJQLILFDQWZLWKLQ WKH
FRQWH[WRIWKHLQYHVWLJDWLRQFRQGXFWHGKHUHEHFDXVHWKH\VXVWDLQWKHFKRLFHRIHDUO\FLUFXODUFUDFNLQJDW
WKHFRDWLQJDVWKHFULWLFDOGDPDJHHYHQWPDLQO\EHFDXVH LW LQGXFHVDORVVRIPHFKDQLFDOLQWHJULW\RIWKH




%DVHG RQ WKH H[SHULPHQWDO VWXG\ RI WKH PHFKDQLFDO FRQWDFW EHKDYLRU XQGHU PRQRWRQLF DQG F\FOLF
VSKHULFDO LQGHQWDWLRQRIDQ$O&U1ILOPFRDWHGRQWRWZRGLVWLQFWKDUGWRROVXEVWUDWHVFHPHQWHGFDUELGHV
DQGWRROVWHHOWKHIROORZLQJFRQFOXVLRQFDQEHGUDZQ
 &LUFXODU FUDFNLQJ DW WKH FRDWLQJ LV D PRUH DSSURSULDWH FKRLFH WKDQ LQWHUIDFLDO GHODPLQDWLRQ IRU




DQ LPSRUWDQW UROH LQ WKH IDLOXUHUHODWHG FRQWDFW UHVSRQVH RI WKH FRDWHG V\VWHP &HPHQWHG FDUELGHV
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 2QH RI WKH DXWKRUV -<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